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PROGRESS IN THE Los ALAMOS SCIENTIFIC LAJXXWTORY
PROGRAM l’O DEV EL(3P THERMOCHEMICAL PIUX ESSES

FOR HYDROGEN PRODUCTION

M. G. Bowman
Los Akmos Scientific Laboratory

ha Alamos, New Mexico 87545 USA

ABSTRACT

The Los Alamos Scientific Laboratory Program to develop thermochemical pro-
cesses for hydrogen production is based on attempts to develop criteria required
of an ideal process and to search for types of thermochemical cycles that approxi-
mate these criteria. The advantages of reactions with large entropy changes have
been demonstrated. The necessity for experimental verification of conceptual
cycles has become apparent from the program. This necessity has heen stressed
in the paper. It should be emphasized that any comparison of conceptual cycles or
of engineering or cost analyses must eventually be based on real, rather ttmn
assumed, data.

INTRODUCTION

The inherent higher efficiency and potentially lower cost for the thermochemical
production of hydrogen, versus the overall electrolysis path, is the motivation for
the Los Akmos Scientific L:lboratory p:ogram to investigate thermochemical pro-
c e sses for hyclrogen production. The overall effort may be clescfibecl as two com-
plementary programs. The first is a program of basic research in therrnochem-
ist~ and inorganic chemistry (together with reaction rate studies) for a large
number of systems. The objective of this program is to synthesize (or recobtize)
optimized thermochemical cycles. This research includes the evaluation and com-
parison of the rnml- processes proposed by other workers. The second general
program is the application of results from the research program in more detailed
stuclics of Lhc “k St”’ cycles wi~!l the objective of engineering practical, efficient urxl
cconornicall~r wund processes for thermochemical hydrogen production.

lJp to the present time, most of the effort has been directed toward tlm iricntifica-
th. m,gprimm!d veriflcction :md initial evaluation of chcmicnl reaction cycle:+ for
water dccmnposi Lion. From our own experience, and from an cxamtnation of pro-
posc{l cycles pufilis!lcd in the literature, it is appmxmt thnt hundreds of possible
Lhcrlnoc!lemical cycks will wcntunlly k couccived. From cur own e~pe rimwc
ag:]in, it is quite cle:lr tlmt most of these cycles (including thcwe nlremly publishtxi)
\vill not nwrit surious cc)nsit!crntion after CVC:In modest program of cxperi mwWnl



testing. Some of the cycles where reactions have actually been demonstrated do
not meet the criteria required of an effic icnt and economic process. One can
conclude, therefore that the development of .an industrial technolw=g for the thermoc-
hemical production of hydrogen will evenhmlly require a large and comprehensive
research arid development effort. If this effort is to result in a practical t:ew
technology for hydrogen production it will be necessary to identify and develop
processes that are optimized not only from the viewpoint of thermochemical ef-
ficiency, but also with respect to such requirements as: 1) cost of mtiterials and
chemicals; 2) materials of construction; 3) power requirements for the movement
and separation of chemicals; and 4) heat exchangers and flow characteristics that
permit efficient heat transfer at realistic power densities.

In our explorakmy program, we are attempting to identi~ and test experimentally
those processes that seem to approximate the criteria require 3 for tin ideal cycle.
In an earlier paper El] we considered the step-wise decomposition of water m~d
concluded that specific values for the sum of the AS0 terms and the sum of the
AH” temns are required for the endothermic reactions of the c~ CIC for maximum
heat efficiencies in the process. These specific and related values depend on the
temperature of the available process heat. These considerations also rcvcalcd the
necessi~ for reaction~ with largo entropy changes for cycles with a minimum
number of retictlons. We suggested the use of gaaeous reactants in order to
achieve large entropies of reaction. Some of the gaseous reiictants wc Imvc ccm-
siderecl are sulfur dioxide, sulfur trio-tide, selenium dioxide, carbon dioxide,
ammonia and tlm halogens.

Our recent and current studies of thermochemical cycles for water ducomposi~ion
have been concermecl primarily with rcactkms involving sulfi~tes :uIcl halkks. In
the following sections, brief cicscriptions are given of the concepts that lcxl b
different pokntial cycles tcqgcther with summaries of cxperimentul rcsuks oblaimd
during c.xperimenkd evaluation of the cycles.

A. O.XIDE-SULI’ATE CYCLES

These cycles are b~sed on the obselw:ltion that reactions of SO:l (gas) with mck’.l
o.?ddes to fOrm ?neml sulfates, quite unifomnly invoke AS‘0 vulues nc~lr -180 J/nml. K.
Values for LII” l::L]T wi(idy ancl depend on the metal sulfate. ‘1’hLIs, the CC)Illbh:Lt~Oll

of t.lds rmction ~vith a re:wtion involving the mhlition of nn oxygen :~twm to a metal
or mchll osi’lu ctin k:Id to succcsstve or s[multanwus rcwtions in whkh the con~-
bind !.S” v:i!ucs arc nenr -290 ,J/mol, K. This is nc;lr the idcul valuo derived for
n Mx’.t SOL1rcu nc:~r 1150°K. Consccluuntly, cycles Lxwcd on this comwpt upp(::I r
very ilttRiCti Vc. The rwction cycle with w:dnr includd :1s :1 rc:wtilnL may k!
wriLtcn :IS

A-:!. nwo -B AK) + S02(1:) + I/2 C)7(R} (:ithigh temp. )
‘1

nl(’;ll .. 1).. .



IU.xmtion A-2 is endothermic with typical SO values mmr those required for m&’d-
mum cfficicllcy.

Many sulfates arc known with decomposition temperatures suitable for reaction
A-2 that arc also sufficiently stable for reaction A-1 to bc thermochemically pJs-
sible. Among the lust stable sulfates that might be useful in the cyck are zinc
sulfate and cobalt suLfaW. For these sulfates, reaction A-1 {with steam) is
thermochemically favorable for Wmpe=turcs bclo~v -415 K For reaction A-2,
AIJO (298) is +335 kJ/mol and tic m~mum ~~ssible thermoc~~emica~ c~ciencY

%for e cycle (the net decomposition of water) is - 85?;.

It shoukl be noted that reaction A-1 does not represent thermochemical equilibrium
for the formation of sulfates which have practical decomposition temperatures. At
equilibrium, sulfur plus the sulfate should be formed and one must be optimistic
to assume the :Ibovc ruaction \vill nctually occur even though it is a permitted re-
nction pnth. In our laboratory program, we huve ken unable ta achieve reasonable
latcs for ~ of the fwrmittd IWIctions in metal o.side, water ~d sd fur dioxide
systems. This inchkw rc:wtkms to form the very stable sulfates (c. g. llaS04)
where reaction A-1 does represent thermochemical equilibrium.

The unsuccessful :Ittcmpts to dmwlop oxide-sulfate cycles h:we been mentioned to
illustrate the concept and also to show the thermochemical considerations of sulfate
chemistry that led to conceptual cycles based on the formation and decompwition
of sulfuric :wid.

il. SUI,l:UIUC ,ICII) CYCL,K;S

In our cxqmrimcntal program, four different mcthwk of sulfuric acid forrmtlon
)mve lxwn stw!iud iIs shown in the following renctkms.

11-1. S0., + 211,,0( I ) =-112SC)4(:lq. ) + 112 @3cctrochcmicnl)
J.

: ,0
(1 (298) +3::lLT/!:Kd. No = -0.17 VOLT.

l]-~o ,, + ~][,,{) + is u
II

-o ll,)so,l(:l(,l. ) + 2111(nq. )
. . .

1! ,1. :i,~:!.s()~’+ 11,)() -* 1[2so.1 + 1/2s



(:. ll}~lU1.) CYCLKS

IVo hybrid (the nnochet.nical plus clcct t-ochumical) CYCICSwurc ccnccivcd and
studied cxpt:rimmtally as ~rt of the su!furic acid wok. One hybrid cycle is
rqresentml by rcncticm U-I combined ,}ith thu thermal dwcmposition of sulfuric
acid. ~c second hyblirl cycle is bawxl on the’elect rolytk decomposition of the
HBr folmed in reaction B-:]. Tlw cyclu ccmwpts and some e~perimental data
have been publishal previously [1,2] and will not Im repeated here. Frum our
work we concluded that such cycles might he kasihlc. Iloweverm it seems too
early in the search for thermochemical cycles to ;d.mndon the potential additional
advantages of the pure cycles in fiivor of hybtid cycles.

f). BROMIDE-SULFATE CYCLES

The only csarnple of a hrontid-sulfate cycle that wc have studied is in rwdity a
bromidr-sul furic acid cyc!o and is t~scd on reaction 1%3 ill}orc. The cycle con-
cept may bc illustrated its follw:; :

I&l. SC2(g) i Br2 + 21120 = H2SC)4 + 211Jlr (TO-l OOCC)

Ip~- 112S04,~ 1[20 + S02 + 1/2 02 (- Wo”c)

1.L3. 2N.Brx + 2H13r = 21Ulr
(k+l)

* 112 (IUWtemp. )

1>4.
2’~r(x,-1) ‘“ 21wrx “}‘“% ‘]’ixh “’”p” )



hydrogen. For i]]usbrilth’c purposes wc have divided ~eSe concepts Into No
families of cycles cnch with scwrnl dJ -chsses.

E-L Sulfurlc AcJd-Sulfur-Oxiclo cvcks

This f:lmily of cycles is hnsed on an initial reaction In which sr.fhr reduces an
oxide to a lower oxldu cm a metal. The different classes derive from rdternatlve
methods of closing the cycle.

Chlss 1. ‘rhc basic rwmtkms involve the reduction of an ox!de with sulfur (at h[gh
temperature) to produce sulfur dioxide, followed by reaction of the reduced oxkk
with wntcr (at low wmperaturc) to produce hydrogen. The Inclicahd reacuons me:

E-l-n. Mo + 0.5 S(ref. ) - Mox + 0.5 S02
(X+1)

E-I-I). Mox+ 1120- nro
(X+l) + “2

khr solid ox irks, the CYCICas witkn is not con~wtu~lly V~W Far an cnt~py
chmgc t@c:Il of type I-b reactions (;.%), the cnthalpy ch~~~ (A~~) ncccs~~ry
for the ruacllun tc occur, implies n LII value such thnt T= M (for &picai M
values) will not equal i.lla at practkal temperatures nnd reack I-a would n%
occur. ‘“’hcrcforc, sumc additional event with additional LS0 ik ncccssmy. For
this cl:iss of cycles, the additional ;,S is conceived to dcrlve flwm the condition
WhCIW the o.x.idc MO

!

rmnilins a condensed phase (so”iid or liquid) at high tcmper-
:lturl’ and MOX is ii ,?l’Wms phase. In this case, the new typical LS vnlue will

kwc the vapori-pcrmil tk m!w rcuctlon I-a to occur at *zmperaturcs that arc well a
zntion tmnperntu rc of MO .

x

From dntn mmtaincd in the JANA F’ “rd)kff, a I-u plus I-b type of reaction cyc]c in-
volvin~ phosplm rous mul phosporic acids seemed thermochemically possible. Sinco
the cycle im olvm! only liquids and gtiscs (above the melting of S), the cycle
appc:~rud to he .i: :rfictivc. The conceptual cycle may be written as follows:

E-I-C. I!JY)
4(1)

+0.5 S-. O.25PO
4 G(g)

+ O. 5 S02 + 1.51120 (high temp. )

E-r-d. 0.25 P4c)ti + 1.5 1[20 ‘“ II:,PO3( ~1 (low temp. )

Ij-1-c. Ii3P0
:1(~)

+ 119 (low temp. )
“}“2° ‘“ ‘[31’C’4(1) i.

In runtr:~st u] L:u J.\X,~F d:ita, the h~iit of formation of P40G determined by tlartlcy
and 31L:c’uLI!>rry “~;~!n..lic:lted tlI:Lt IWIC tion I-c could not occur. Therefore reactions. .
I-c (I!ld 1-1’ Wi:I1-t~stwl rxjm rimcllk]ly, T’.’ih.hpalladium black as a catalyst, rc-
:wlion I-c uuls conduct(!d with some Succcsso lknvcvcr, ntkmpts to pnnmotc rc-
nction I-c were mKNicccssfu1.

Tests of r~wction I-c involvud hunting sulfur ns liqukl nnd as v:lpor with phosphoric
:Ichl aml with 1),,05 (solid :Ind liquid). Slgnffic:mt cvolut.lon of sulfur diosidc was
nuL ohsc IT~!d. (kllst!quently, one cm conclude tlwt the heat of form:ltion v:Ilue for



P40 dc&rmlned by Ihmtley nnd iklcCoubrey is accurate and that the valuo used for
the ~ANAF Tables is greatly in error.

Additional potential mackmts for the class 1 cycle have not been iclentlfied. A
search f{ r poss!ble reactmts is hampered by the Iack of mudlabIe thermochemical
data.

Class 2: The conceptual reactions involve the reduction of an oxide with sulfur to
form a metal ad wd.fur dio.xicle, then the reaction of the metal with an acid (HC1
or HBr) to form a metal hallde and hydrogen, fbllowed by hydrolysis of the halide
to regenera~ the oxide mad the acid. The conceptual reactions are:

E-I-f . MO+ O.5S4 M+0.5S02(Mghtemp.)

E-I-g. M + 2 Hcl + MC12+ H2 (low temp. )

E-I-k MC12 + 1120 ~110 + 2 HC1 (medium or high temp. )

As indicated above, a reaction such as I-g is necessary for the production of hydro-
gen, ~ince (&r typical entropy charges)a metal that can be o.xidizcd by wntcr also
forms m oxide that is too sbblc for the sulfur reduction reaction (I-f).

horn a survey of the limited themnochemical data in the literature, it appears thnt
a few reactnnts may be useful in the class 2 type of cycle. Experinmnta have not
been pcrfbrmed.

class 3. This type of cycle .Jnclucles the I-g sncl I-f reactions shown above with
the assumed difference that the metal halide prnduced in rtmction I-17will not react
directly with water and an additional step is used to cffdct the hydrolysis reaction.
The following specific cycle illustrates the concepL

E-I-i. 0.5 S + CU2C)= 2!CU+ 0.5 S02 (high temp. )

E-I-j. 2CU + 2HBr = 2 CuBr + 112 (low temp. )

E-I-lC. 2Cu13r + MgO = Mg13r2 + CU20 (low tump. )

E-I-1. Mg13r2 + 1120 = iUn@+ 211flr (high temp. )

All of these reac tkns hmw ken demunstratnd in our cxirimental progr:lm.
Reactions 14 mcl I-1 :Lrcalso used in industrial processes. Ncactlon I-k actunlly
occurs in two stops. First. h yklcl a conccntrnted ~oluU[~n of WW-2 til~t can bc
~epa rated from the insolubk CU20 ml scmmd tn remove water from the solution
to ylcld M@ r ‘1’hccyck has :llHo ken dcmonstr:ltcd with [ICI substituted for

2(l)”j is more rapid with 11i3r.IIDr. Reaction - Othcr mctak can bc substituted for
copper in th k Lype of cyc lc. Substitution for Mg mi~ht also be Possible.

rum -G-



E-IL Sulfurlc Acicl-Sulfur-O.ude Sulfide Cvcles

The different families or classes of cycles under this headfng include a reaction
in which an oxide is reduced with sulfur b form a sulfide and the hydrogen pro-
.Iuction step involves the decomposition of H#.

Class 1. There is only one cycle in this class, however we have designated it as.—
Class 1 because it is really the baseline process for the additional classes of
cycles under the above heading. The reactions of this baseline cycle are:

E-II-a. 1.5 S@2 + 1120 _ H2S04 + 0.5 S (low temp. )

E-~-b. 112S04 ~ H20 + S02 + 0.502 (high temp. )

E-II-c. 1.5 S(ref. ) + H20 + H2S + 0.5 S02 (h.@ temp. )

E-II-d. 112S ~ 1{2 + S (high temp. )

This bilseltie ~clc has the very attractiw chaxactcrislic that (above the melting
poiut of S, 119 C) only liquids nnd gases arc involved. It is possible that this
advantage will ouhveigh the obvious disadvantages. These are:

(i) The free cneq~ chunge (.5 G) is positive for both rcactious
II-c and II-d. Thus, work must be substituted for heat i~
these endothermic reactions.

@J Reactions II -c nnd II-d yield guseous misturcwp in which the
product Kascs arc at significantly lower pressures than the
rcnctmts. Thus, additional work will be required to separate
gases.

Since f G is ‘positive for the two reactions, the thermochemical cycle, ns written,
is n combined ke:it plus work cyclo and equi.librlum constits for the renctions are
lCSS than uni~ a: the maximum temperatures c.xpected from practical heat sources.
Whether of not thu attrutive features of the cycle can b~ waliiisd will depend on
actual yiclcls nc!:im”~ble in reactions II-C and If-d and also on the clcvelopment of
mctlmds to p-event cxcm sive bark reaction during cooling of reaction products.
Methods for separating product gases will require development.

In our cxwrimcnuil progr:lm, :dl of the rmmtions 01 the IMscline cycle have been
stmliml :md smnc success hns bmm :lchicVed in promoting lx~ssibly acceptable
reaction riltCS and reaction ykkls [5] .

ClilSH 2. The Aovc bil~ic cyck cm k morlificd by inserting a Lwo step rycic for
JIXICtiOIl U -C. This WXlkl prl~l it thl! USC (If lX2ilCttOJW WhCrC /J( I VillUL!S a J’C IWg:l-

thr(! ~INl iilso Amplj fy tluj s~lxlr~l(h.)il of product. gXWS. Thc react.ions :lrc as
follows:

-7- rklc;ll



E-H-e. MO + 1. 5S ~ NW + O. 3 S09 (high ccmp. )

lz-11-f. hIS + 1120- h10 + it ,)S, (low temp. )

Class 2 cycles would include the thermal decomposition of I[~S os shown in
reaction II-d above.

There appear to be several metals where the difference in stal]ili& !)ehveen the
metal oxide and metal sulfide is near the value required by the reproducible
entropy changes associab;d with reactions of the II-e and H-f typw. lIowever,
as indicated in reference ~~. our most successful experiments have involved the
use of C02 for reactions cl the E-11-f type. Thus, a met.~ ~afio~~ :l~d 112S are

produced. The metal carbonate is then decomposed in a sep~rate skp.

class 3. In class 3 cycles, reaction II-c of the basic cycle would be retainer-l, hut
reaction H-d would be replaced by the two reaction cycle.

E-II-g. hi’+ 112S - M’+ H2 (low temp. )

E-If-h. nl ‘s ~ M‘ + 1/2 S2 (g) (high temp.).

From literature clata, there tippenr to he several nwtal-rnecal sulfitia or sulfide -
sulfide couples suitable for reactions H-g m-d ~-h. However, attempts to conduct
such reactions at reasonntde rates have been unsucccssfu.1. WC have testxxl the

~ ~, NiS-NiS2 and FCS-YCS2.couples: Bi-Bi S

class 4. Class 4 cycles \vouIcl include both of the options clesc rihed for the Class
2 and Class 3 cycles.

class 5. In sun eying the Utcrature for rcmctants with therrnochemimd properties
suitable for the C lQSS 2 variation, it became apparent that there :lrc many metal
o.title-rr.eul sulEI:!e couples suitable for reaction H-e that will not undergo the
hydrolysis six=wmas reaction H-f. In such cases, the sultide could be rcactcd
with an acid. “ihe use of C02 described above is one example of this option. In
a second v aristim,, a stronger w.id (HC1, for example) could bc used to liberate
the ll.)S :md the met.ul salt tiwn hydroly74ed to rccovcr the acid ancl rcgcneratc the
mctal”oxide.

If one rccogni~cs the different options :w:,ilable to complete the ovc].:dl cycle and
also inclu~les the different acids that might be used, onc can divide Cl:{ss 5 cycles
into several wiciitiwml cycle types. However, for the present, we will include
these additiwxd o~tions under the Class 5 heuding.

Since the verbal (Icsc ription of the Class 5 cycle is rather involvecl, it seems useful
to depict the cycle with specific reactants for c:wh of the steps, Onc of the possible
cycles th:lt Wc ha\’c conceivml (including tllc sulfuric acid rcacticms) i:+ the
followins:



K-n-i. 1.5 S02 + 1120 + 112S(34 + O.5 S (low tempo)

E-If-j. IlZSfJ4 + lIr{) + S02 - 0.502 (high temp. )
&

E-n-k. 0.25 FC304 + 1.25 S + 0.75 FcS + 0.5 S02 (high temp. )

E-n-l. 0.75

Ii-lI-m. 0.75

0.25

K-II-n. 0.75

E-H-O. 0.75

FM + 1.5 llC1 + O. 75 FeC12 + O.75 112S (low or inter. temp. )

F14~12 + 1120 ~ O. 25 Fe304 + 1.5 HCL +

11z (high te,np. )

FcS + O. 75 112S ~ FcS2 + O, 75112 (low temp. )

FcSO 4 FcSO - 0.75 FeS + O. 75 S (high temp. )
L &

This cycle is an cxilmple of how the number of reactions in a cycle can increase as
one adds :~ddit?on:d r~ilcti~ns to promote ti difficult step in a potential cycle. At
first glance certainly, there appear to be too many reaction steps for a credible
cycle. Obviously we are not considering the cycle for practical use. However, in
comparison to many cycles proposed in the literature, the cycle is actually advan-

of the reactions will actu,ally occur. In addition, since the type of
reaction step is more important than the number, me can identify additional ad-
vantages for the cycle. These are:

1)

2)

3)

‘~)

5)

‘1’hc hmgcst hcnt requirement for :lny process step is stiU the
clccomposition of liquid sulfuric : d.

“1’here :lp~i~r to bc no difficult steps associated with the
separation of gases.

IIigil cwncentr:~kions of IIC1 arc not required.

Tlwr*? ::ppears to he no necessi~ for the formation of
solTJuons (~nd subsequent dlTing. )

Ti:e to’ti heat rccIuircment for all of the endothermic steps
is suficientl~- low S6 that, a fairly high heat efficiency is
t!lcorctiu~:lly pxsible.

lrom thL*sc Co:i.SideKltions, it is possible to conclude that methods for the evalua-
tion of cycles must be dcv(?!qwcl. \Ve also wish to add that the most serious
criticism of kc CJCIC S!1OUMbe that it includes at least one reaction (E-11-n) that
will

l?.

‘1’hc

not m)cur at. a useful rate even though it is thermochemically possible.

AC KNOJv LE1.Kil’;MIINrJ.’

con(’lyd ml cycles :]ml exTcrimcntnl prc)~nnms mentioned hricfly in this paper

-9- MGH



are lhe ind.ivkh.d or Joint work of Filmorc l’. C riss, Wrsley RL Jones,
John D. Farr, Careline F. V. Mason, IWV:Lrd I. OnstoU, Charles L. Peterson
rind W~llard G. Wit~man. L)ctails of the pro~r:m will be described in p:lpers hy
these investigators.
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